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TRI STIMULUS SPOT COLORIMETER 



SUMMARY 

The report describes a photoelectric tristimulus spot colorimeter which 
measures the three stimuli X, Y, Z, as specified by the CLE. {Commission 
Internationale de I'Eclairage) standard observer, and thus permits simple cal- 
culation of the X and y trichromatic coefficients, (chromaticity co-ordinates). 

In addition to the usual measurements of the colours of materials, the 
instrument permits measurements of the colours displayed on cathode-ray tube 
monitors; no such instrument is commercially available. The sensitivity of 
the instrument is sufficient to permit the measurement of colour at the low 
luminance levels often encountered in television pictures. Further, the narrow 
acceptance angle of the optical system enables the colour of small areas to 
be measured at convenient distances from the object. 

The dimensions of the instrument are such that, with a power supply 
unit and meter, the whole instrument is contained in a portable case 41 cm x 
36 cm X 15 cm, (16 in. x 14 in. x 6 in.). 



1. INTRODUCTION 

Assessment of the fidelity of colour reproduction 
in television usually consists of a number of sub- 
jective judgements carried out by the unaided eye. 
As such, it is subject to wide errors, being depen- 
dent on the observer's previous experience, the 
chromatic composition of the image or scene, the 
effects of simultaneous contrast, etc. These effects 
may be known to the observer; nevertheless his 
judgement may well be impaired. 

One of the most sensitive and most accurate 
methods of assessment of colour is the "side by 
side" or matching method using the unaided eye. 
Whereas this is easily carried out when comparing 
samples of material, it cannot be used safely with 
composite pictures; further, it does not give quanti- 
tative information, unless comparison samples such 
as Munsell chips are calibrated beforehand by 
spectrophotometric means. Colour-picture assess- 
ments by the comparison method have often been 
carried out using duplicate colour slides, one being 
televised and displayed on a monitor while the 
duplicate is projected by optical means using a 
light source whose colour temperature is equal to 
that of the monitor white. This method has two 
main drawbacks. First, it is not always easy to 
obtain exactly identical slides and, secondly, no 
quantitative colour values are obtained. 

Attempts to compare a studio scene with its 
reproduction displayed on a colour television moni- 



tor are subject to gross inaccuracies, as the eye 
cannot adapt itself easily to allow for changes in 
chromaticity due to different illuminants and for 
different levels of illumination. 

In order to study the characteristics of a com- 
plex colour television chain it is essential that 
quantitative measurements be made in order to 
assess the magnitude and location of colour errors 
in the final picture. The tristimulus spot colori- 
meter described in this report has been developed 
to fulfil a definite requirement not satisfied by 
other measuring instruments^-^ which are, in gene- 
ral, unsuitable for making objective colour measure- 
ments on pictures displayed on a shadow-mask 
cathode-ray tube. 

Human vision may be considered trichromatic 
at light levels in excess of (say) 3 cd/m^ (0*9 ft-L) 
and the standard observer can be defined by three 
spectral characteristics, T, y" and "Fas stipulated by 
the International Commission on Illumination (or 
C.I.E.)^. These curves are shown in Fig. 1 and 
show the amount of light from each of the three un- 
reali sable primary sources which, when mixed, will 
produce light of a colour that matches the pure 
spectrum colour of wavelength noted on the abs- 
cissa. The three amounts of light are the "tristi- 
mulus values", noted as X, Y and Z. 



In order to define the chromaticity of a light, 
only the relative values of X, Y and Z are neces- 
sary. 



Chromaticity is usually expressed in terms of 



trichromatic coefficients x and y, which are defined 
as: 

X Y 

y 



X + Y + Z 



X + Y + Z 



The tristimulus colorimeter is therefore required to 
measure the three stimuli X, Y and Z^-^. 

In order to reproduce the characteristics shown 
by Fig. 1 three methods could be used:"*'^ 



stability and very accurate shaping of the three 
templates, but it does offer the possibility of almost 
exactly achieving the necessary response. Method 

2 is also fairly bulky and requires high electrical 
stability as three photocells are employed. Method 

3 is the most suitable in terms of simplicity and 
reliability, even though it does not easily achieve 
the accuracy of Method 1; it can also be adapted to 
the specified requirements of portability and sensi- 
tivity. 



(1) A dispersing system with three templates^ to 
select correct proportions of the light at each 
wavelength. 

(2) Three photocells of known spectral response 
each fitted with suitable filters. 

(3) Three colour filters in conjunction with a 
single photocell of known spectral response. 

Method 1 results in a very bulky and complex 
instrument requiring extremely high mechanical 



There are, however, two major difficulties to 
the achievement of the ideal tristimulus colorimeter 
of this type. The first may be appreciated by refe- 
rence to Fig. 1 where the spectral characteristic of 
X consists of two pass-bands which would require a 
compound filter whose characteristic consisted of a 
combination of two different spectral characteristics 
with the appropriate relative areas; this results in a 
complex filter assembly unsuitable for an instru- 
ment of the type envisaged. To overcome this dif- 
ficulty, X is synthesized by two separate filters and 
the two experimental readings are added. 



i'8 



16 



1-4 



12 



§ 10 
a 



•^0-8 
o 



06 



0-4 



02 



lip 

iPi 



400 



500 600 

wavelangth, nm 



700 



Fig. I - Characteristics of C. I. F. standard observer 
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Fig. 2 - Colour gamuts of a display used 
(a) the NTSC phosphors (b) the sulphide group of phosphors 



The second difficulty is that due to the limited 
range of filter material available, whether it be 
made from gelatine, celluloid, glass, or be of the 
multi-layer dielectric type. This difficulty may be 
overcome by stacking several filters of different 
characteristics so as to obtain the required charac- 
teristic, but this, in turn, results in heavy absorp- 
tion which, added to the fact that measurements of 
small areas are required, makes it essential that a 
multiplier photocell be used. The E.VI.I.9524F 
photomultiplier tube has the required sensitivity, 
spectral response and consistent characteristic 
(between specimens of nominally the same tube). 

The above considerations show that the whole 
approach to the synthesis of Y, "y and Y charac- 
teristics can only be an approximation; neverthe- 
less good accuracy can be achieved for the restric- 
ted colour gamut of colour television (Fig. 2)* and 
useful accuracy for absolute measurements over the 
whole CLE. locus. When used for comparison of 
colours which have similar chromaticities the 
accuracy is easily sufficient for most practical 
purposes. In fact, only for the most exacting work 
should it be necessary to use a reference standard. 
In an instrument of this type, the spectral response 
of optical components in the path between object 
and photocell must be taken into account (Figs. 3, 
4, 5). Even neutral filters used for balancing the 



relative amplitudes of the different stimuli must be 
used with care, as in fact they are only approxi- 
mately neutral over the visible range as shown by 
Figs. 6, 7. Gelatine "neutral" filters are so un- 
satisfactory in the extreme blue region that they 
cannot be used for adjusting the light input to the 
z" path. In practice the light inputs to the T and y 
paths are adjusted with reference to that of the z 
path, which contains no neutral filter. 

Briefly, the essential requirements are as 
follows:-' 

(1) Accurate linearity of response (output versus 
incident light flux). 

(2) Zero fatigue and temperature coefficient of the 
photocell. 

(3) The combined spectral response of the colour 
filters, photocell and optical components shall 
be CLE. T, "y andT functions (or linear trans- 
formations thereoO. 

(4) The instrument shall have adequate sensitivity 
for direct measurements of a colour-television 
picture (i.e. where the peak luminance is 
approximately 50 cd/m^ (15 ft-L) and the lumi- 
nance of saturated colours is much lower). 



* The chromaticity diagram used here is a modification 
of the original "xy" diagram proposed in 19 31; it has the 
advantage of being an approximately uniform-chromaticity 
diagram, i.e. equal distances represent approximately 
equal perceptible chromaticity differences (at constant 
luminance). 



2. DESCRIPTION 

The instrument is illustrated in Fig. 8 and con- 
sists of an objective lens Li of 75 mm (3 in.) focal 



length, which images the object to be measured on 
a ground-glass screen G, the light rays passing 
through the semi -reflecting mirror M. The image 
can then be observed by means of the ocular L2. In 
the centre of the ground glass a black spot T indi- 
cates that part of the object which is being mea- 
sured. The size of the spot, defining the area being 
measured, corresponds to a viewing angle of appro- 
ximately l'/2° or an area of approximately 25 mm x 
25 mm (1 in. x 1 in.) at a distance of 0*6 m (2 ft). 
A Fresnel screen is fitted on top of the ground 
glass to improve the brightness distribution of the 
image. A shutter Si is provided in front of the 
ocular to prevent light entering the instrument 
through the ocular when it is not in use. 

For measurement, the semi-reflecting mirror M, 
set at 45° between the lens and the ground-glass 
screen, deflects a fixed proportion of the light flux 
into an aperture A situated at a distance equal to 
the lens-to-screen distance. The aperture corres- 
ponds in size to the black disc on the ground glass. 



thus ensuring that the correct area of the object is 
being measured. 

A filter wheel Fi, containing six filters, is 
located under the aperture plate and is followed by 
a shutter Sg, a fixed filter holder Fj and a diffusing 
glass D. Lastly there are the multiplier photocell 
and its associated voltage divider and output poten- 
tiometer. 

Adjustment of the amount of light reaching the 
photomultiplier tube is most effectively carried out 
by means of the lens iris shown in Fig. 9. As 
already described, neutral-filter materials are not 
truly neutral over the visual range and their use 
would introduce errors. 

Normally in laboratory work a stabilized mains 
EHT supply is used to power the photomultiplier 
and the output current is read on a sensitive galva- 
nometer. For other applications where portability 
is essential, a DC to DC converter, supplied by 
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Fig. 3 - Measured response characteristic of photomultiplier tube as a function of wavelength 
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four 1*3V Mallory mercury cells, is used to supply 
the high voltage required by the photomultiplier 
tube.^ The output of the photomultiplier is applied 
to a simple transistor DC amplifier and measured by 
a large scale microammeter; galvanometers are 
usually bulky and of insufficient ruggedness to 
withstand transport. Fig. 10 shows a photograph of 
the instrument and Fig. 11 shows the EHT and 
meter units in the carrying-case with the colori- 
meter. 



3. ANALYSING FILTERS 

As stated previously, the choice of analysing 
filters is restricted by the availability of standard 
filter materials. Therefore filters were selected for 
the best fit, taking into account the spectral charac- 
teristic of the lens, semi-transparent mirror and 
photocell. The results achieved are shown in Figs. 
12, 13 and 14. As can be seen, they and T res- 
ponses are too high at the longer wavelengths (red); 



this is accounted for by the response of the photo- 
cell (Fig. 3) and the fact that no filters are commer- 
cially available to correct this characteristic. The 
realised curves shown are for one specific photo- 
multiplier tube and may vary slightly if the tube is 
changed. 

It is possible, however, to overcome this dif- 
ficulty by the addition of two extra filters to the 
filter wheel, these being adjusted in response and 
density, so that readings taken using them, when 
subtracted from the X and Y readings respectively, 
permit correct stimuli values to be obtained. These 
adjustments are made when calibrating the instru- 
ment or when changing photocells; variations of the 
response of cells of a given type usually occur at 
the longer wavelengths. 

The filter wheel consists therefore of six 
filters, labelled Xr (for the red pass-band of X), 
Xb (for the blue pass-band of X), Y, Z, -X' and 
-Y'; the latter filters are used to correct the read- 



6 



ings of X and Y as described. As neutral filters 
cannot be selected easily to the required accuracy, 
separate potentiometers are inserted into the output 
circuit of the photomultiplier for each position of 
the filter wheel; the potentiometers enable adjust- 
ments to be made over a range of ±5%. 

4. CALIBRATION 

The instrument can be calibrated or checked by 
means of a standard tungsten lamp of known colour 



temperature and a series of narrow-band colour 
filters, these having been previously measured 
using a spectrophotometer and their CLE. tri sti- 
mulus values computed for the illumination used. 
By means of these filters, the correct values of Xb 
and Xr can also be ascertained. A similar proce- 
dure can be used for -X' and -Y' but in this case it 
is important that magenta calibrating filters be used 
as it is in this non-spectral region that -X' and -Y' 
are most important. Greater calibration accuracy 
can be obtained if a monochromator is used. 
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Fig. 5 - Rejection factor of semi-transparent mirror as a function of wavelength 
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Fig. 6 - Transmission characteristic of typical gelatine neutral density filter (ND = 0'6) 

as a function of wavelength 
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Fig. 7 - Transmission characteristic of typical glass neutral density filter (ND - I'O) 

as a function of wavelength 
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Fig. 8 • Approximate layout of elements m the photoelectric tristimulus colorimeter 
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Fig. 9 - Schematic of the photoelectric tristimulus colorimeter 




Fig. 10 - Photograph of photoelectric tristimulus colorimeter head 




Fig. 11 - Complete instrument in carrying case 
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Fig. 12 - X curve and response achieved in the instrument as a function of wavelength 
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Fig. 13 - Y curve and response .achieved in the instrument as a function of wavelength 
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Fig. 15 - Accuracy of the photoelectric tnstimulus colorimeter plotted on the 1931 GIF chart 
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5. PERFORMANCE 

Figs. 15 and 16 show computed and measured 
values of a series of filters covering a large portion 
of the CLE. colour locus. It can be seen that, as 
shown on the CIE-UCS diagram of Fig. 16, the 
greatest error occurs in the red region; neverthe- 
less, most errors are within 2 just-noticeable dif- 
ferences* (jnds). 
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6. CONCLUSIONS 

The accuracy of the portable instrument des- 
cribed is extremely good for measurements of small 
colour shifts and gives sufficient accuracy for most 
measurements of absolute chromaticity within the 
colour locus. Nevertheless, improvements may be 
possible as colour-filter materials and photomulti- 
plier tubes of more suitable spectral response 
become available. 



* 1 jnd is taken as 0-004 units in this paper. 
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APPENDIX A 
Tristimulus Colorimeter Filters 



Neutral 



Xr W81EF, S35, W12 and W12 

Xb W81EF and W98 

Y W81EF, S49, S49, W81EF and WCCIOM 

Z W81EF, SIO and S20 

-X W81EF, W29 and W34 

-Y W81EF, W29 and W34 



< 



SMW 



W - Wratten 

S - Strand Electric 
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